Black cotton soil treated with up to 24% metakaolin (MCL) 
INTRODUCTION
The study of desiccation-induced shrinkage of hydraulic barrier material is very important in the design of liner systems. This is because excessive volume changes under varying extreme weather conditions (from dry to wet seasons) lead to cracks being generated, which can result in a geometric increase in the hydraulic conductivity values. An increase in the hydraulic conductivity value beyond the permissible limit of greater than 10 -9 m/s leads to permeant liquid passing through the cracks generated. Failure of the liner system becomes inevitable, as the strength of the cracked soils decreases, while there an increased flow of contaminants through the soils into the ground.
Researchers such as Daniel and Wu (1993) , Albrecht and Benson (2001) , Nwaiwu (2005, 2008) , and Eberemu, (2006, 2009) suggested that a specimen compacted at a greater molding water content shrank more during drying. Daniel and Wu (1993) and Tay et al. (2001) suggested that cracking is not likely to occur in soil liners when compacted cylinders of the same soil undergo less than about a 4% volumetric shrinkage strain upon drying. Other materials used as liners or covers in waste containment systems, in addition to natural clayey soils, include processed clay/ sand-processed clay mixtures, geosynthetic materials and industrial waste products (Bowders et al., 1987; Abichou et al., 2000; Albrecht and Benson, 2001) . Furthermore, studies have been carried out on the use of compacted lateritic soil as liners and covers in waste containment applications Nwaiwu, 2005, 2006; Osinubi and Eberemu, 2006; Osinubi and Amadi, 2009; Osinubi and Eberemu, 2009; Eberemu, 2008) . Albrecht and Benson (2001) reported that volumetric shrinkage strain occurring in compacted natural clays during desiccation is a direct function of the volume of water/volume of soil when the soil was saturated. Soils with a higher clay content and higher plasticity index generally have a greater volume of water; thus they are more prone to large volumetric shrinkage strains during drying. In addition, specimens compacted close to the optimal water content with a higher compaction effort have less of a water/unit volume when saturated and lower volumetric shrinkage strains.
Problematic soils such as expansive soils (also known as black cotton soils) are normally encountered in foundation engineering designs for highways, embankments, retaining walls, backfills, covers, liners, etc. The mineralogy of this soil is dominated by the presence of montmorillonite, which is characterized by large volume changes from wet to dry seasons and vice versa.
Large quantities of waste materials from mineral, agricultural, domestic and industrial sources are generated daily, and the safe disposal of these wastes is increasingly becoming a major concern around the world (ETL, 1999) . Metakaolin (MCL) is a pozzolanic material that is obtained by the calcination of kaolinitic clay at temperatures from 700 to 800°C. The purpose of using metakaolin as an additive is to ensure that there will be enough pozzolan in the soil mixture to combine with the silica and alumina components of the black cotton soil in both short and long-term chemical reactions to form insoluble cementitious compounds made up of hydrated calcium silicate gel (CSH) and calcium aluminate gel (CAH). The study was aimed at an evaluation of desiccation-induced volumetric shrinkage of compacted MCL-treated black cotton soil as a suitable material for use in waste containment applications.
MATERIALS AND METHODS

Materials
Soil:
The dark grey soil used in this study was obtained along the Gombe -Biu Road in the Yamatu Deba Local Government Area of the State of Gombe, Nigeria, using the disturbed sampling method. The location lies within the latitude of 10° 19'N and the longitude of 11° 30'E. In terms of the extent of the deposit, black cotton soils are not restricted to the area of study but are widespread throughout northeastern Nigeria.
Metakaolin: The reddish brown metakaolin (MCL) used was obtained from freshly-deposited heaps of waste at a brick block production plant located in the Chukun Local Government Area of the state of Kaduna, Nigeria. The MCL has a specific gravity of 2.70. It was passed through a No. 200 sieve (75 µm aperture) and stored in air-tight containers before usage. The specimens of MCL were sieved through a British Standard sieve after grinding. The portion passing through the sieve was compared to the required degree of fineness, i.e., 63 microns and below, while the MCL retained in the sieve was reground and sieved again. A chemical analysis of the MCL was carried out using an X-ray Analyzer together with an Atomic Absorption Spectrophotometer (AAS).
Methods
Index Properties: Laboratory tests were performed to determine the index properties of the natural soil and soil mixtures in accordance with British Standards BS 1377 (1990 ) and BS 1924 (1990 , respectively.
Compaction: British Standard Light (BSL) and West African Standard (WAS) energies were used in tests involving the moisture density relationship and volumetric shrinkage. The air-dried soil samples passed through the BS sieve with a 4.76 mm aperture mixed with 0, 4, 8, 12, 16, 20 and 24 % metakaolin by weight of dry soil were used. The British Standard Light is an effort derived from a 2.5 kg rammer falling through 30 cm onto three layers, each receiving 27 uniformly-distributed blows. The West African Standard (WAS) compactive effort was derived from a rammer of 4.5 kg mass falling through a height of 45 cm in a 1000 cm 3 mould. The soil was compacted in five layers, each layer receiving 10 blows.
Volumetric shrinkage: The volumetric shrinkage upon drying was measured by extruding the cylindrical specimens, which were compacted using the BSL and WAS energy levels. The air dried soil -MCL mixtures were compacted at -2, 0, +2, +4 and +6 % of the optimum moisture content (OMC). The extruded cylindrical specimens were placed on a laboratory bench at a uniform temperature of 25 ± 2ºC for 30 days to dry naturally because natural drying is considered as a simulation of field conditions. Measurements of the diameters and heights for each specimen were taken with the aid of a vernier caliper accurate to 0.05 mm. The diameters and heights were used to compute the volumetric shrinkage strain.
DISCUSSION OF RESULTS
Physical and Chemical Properties of the Materials Used
Preliminary tests were conducted to identify and determine the properties of the natural soil. The test results are summarized in Table  1 . The soil is classified under the A -7 -6 (16) subgroup of the AAS-HTO classification system (AASHTO, 1986) or CL in the unified Soil Classification System (USCE) (ASTM, 1992). The liquid limit and plasticity index values of 93 and 72 %, respectively, suggest that the soil is highly plastic. Thus, from the results obtained, the soil falls below the standard recommended for most geotechnical construction works (Butcher and Sailie, 1984) . The chemical composition of MCL is shown in Table 2 . Based on its oxide composition the MCL used in this study falls into class N or F pozzolana in accordance with the provisions of ASTM C618 -78 (1978) .
Tab. 1 Index Properties of the Natural Black Cotton Soil Used in the Study
Compaction Characteristics
Maximum dry density
The variations of the maximum dry density (MDD) with a metakaolin content are shown in Fig. 1 . There was a general increase in MDD for the BSL compaction, while a decrease was recorded for the WAS compaction with an increase in the metakaolin content. The results are in agreement with the findings reported by Yoder and Witczak (1975) .
Optimum moisture content
The variations of the maximum dry density (MDD) with a metakaolin content are shown in Fig. 2 . The optimum moisture content (OMC) decreased and increased in the optimum moisture content at the energy level of the BSL and WAS compactions, respectively. The observed increase could be attributed to the increase in fine contents resulting from the inclusion of MCL with a larger surface area, which will lead to a greater demand for more moisture for the hydration reaction Ijimdiya, 2008, Osinubi and Moses, 2012) .
Volumetric Shrinkage Strain
Basically, soil shrinks simply as a result of moisture loss, which is independent of the pressure, if the water and soil are considered incompressible. Daniel and Wu (1993) as well as Tay et al. (2001) suggested a safe volumetric shrinkage strain (VSS) value of less than or about 4 % VSS upon drying for soil liners; when compacted, cylinders are used to predict field desiccation due to cracking. Low-density porous and wet soil has a tendency to shrink. This makes the soil 
Fig. 3 Variations in the volumetric shrinkage of black cotton soilmetakaolin mixtures over time (BSL compaction)
Tab. 2 Oxide Composition of the Metakaolin Used in the Study
Fig. 1 Variations in the maximum dry density of the metakaolintreated black cotton soil
Fig. 2 Variations in the optimum moisture content of the metakaolintreated black cotton soil
more readily prone to cracking, while highly dense and well-drained soil exhibits reduced shrinkage and a reduced risk of cracking. The variations of the VSS black cotton-metakaolin mixtures (prepared at various moisture contents relative to the OMC) over time are shown in Figs. 3 and 4 . The natural black cotton soil compacted between -2 and +6 % of the OMC produced satisfactory volumetric strain values of less than 4 % only for the WAS compaction. This can be attributed to the high clay content and high plasticity index of the natural soil as a greater volume of water was available and thus was more prone to large volumetric shrinkage strains during drying (Albrecht and Benson, 2001) . Between the 4 and 24 % MCL treatment there was a general decrease in the volumetric strain; this can be attributed to the pozzolanic input of the MCL, which reduced the high clay content in the soil with the formation of coarser fractions. However, satisfactory volumetric strain values were recorded only at the 20 and 24 % MCL content.
Specimens compacted at a greater molding water content shrank more during drying, which is consistent with the results of Daniel and Wu (1993) , Albrecht and Benson (2001) . The reason is because according to Mitchell (1976) , dry shrinkage in fine-grained soils depends on particle movements as a result of pore water tension developed by capillary menisci. Moreover, Albrecht and Benson (2001), Osinubi and Nwaiwu (2008) as well as Osinubi and Eberemu (2010) , reported that the shrinkage strain depended on three main parameters: the molding water content, dry density (compactive effort), and soil plasticity index. If the plasticity index of the soil increases, the mold water content and the shrinkage strain increases. Furthermore, an increase in the compaction energy leads to an increase in the dry density and then a decrease in the shrinkage strain. Specimens compacted near the optimum water content with a higher compactive effort have a lower water/unit volume when saturated and lower volumetric shrinkage strains.
Effect of the Initial Degree of Saturation on the Volumetric Shrinkage Strain
The variations in the volumetric shrinkage strain of the black cotton soil-metakaolin mixtures with an initial degree of saturation are shown Vol. 24, 2016, No. 1, 1 -5 (WAS compaction) in Figs. 5 and 6. The volumetric shrinkage strain generally increased with a higher initial degree of saturation, irrespective of the level of MCL treatment. Capillary tension developed since the particles were more flocculated, and it was relatively easier for particles to move due to the presence of more water in the soil as the degree of saturation increased. Only the specimens compacted with the WAS energy recorded satisfactory VSS values for the initial degree of saturation in the ranges of 82.1-83.5 % and 86 -87.5 % for 20 and 24 % MCL contents, respectively.
CONCLUSION
Laboratory tests were performed on black cotton treated with up to 24 % metakaolin by dry weight of soil to assess its desiccation-induced volumetric shrinkage when used in liners and covers in waste containment systems. Specimens prepared with different molding water contents and compacted using British Standard Light (BSL) and West African Standard (WAS) energies recorded results that show an increase in volumetric shrinkage strain up to 10 days which remained fairly constant thereafter regardless of the compactive effort used. A satisfactory volumetric shrinkage strain (VSS) value of less than or about 4 % was recorded only for black cotton soil treated with not less than a 20 % metakaolin content and compacted with WAS energy.
This finding provides an economic means for the disposal of metakaolin waste and expands the scope of materials available for the treatment of black cotton soil for use in waste containment applications, especially in regions where it is impossible to avoid the use of such natural materials.
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